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ABSTRACT 26 
In order to determine what shapes the distributions of sister species, we aimed 27 
to unravel ecological niches and geographical distributions of three bat cryptic 28 
species complexes in Iberia (Plecotus auritus/begognae, Myotis 29 
mystacinus/alcathoe and Eptesicus serotinus/isabellinus), considering 30 
ecological interactions and biogeographic patterns.   31 
Species distribution models (SDMs) were built using a presence-only technique 32 
(Maxent), incorporating genetically identified species records with 33 
environmental variables (climate, habitat, topography). The most relevant 34 
variables for each species’ distribution and respective response curves were 35 
then determined. SDMs for each species were overlapped to assess the contact 36 
zones within each complex. Niche analyses were performed using niche metrics 37 
and spatial principal component analyses to study niche overlap and breadth.  38 
The Plecotus complex showed a parapatric distribution, although having similar 39 
biogeographic affinities (Eurosiberian), possibly explained by competitive 40 
exclusion. The Myotis complex also showed Eurosiberian affinities, with high 41 
overlap between niches and distribution, suggesting resource partitioning 42 
between species. Finally, E. serotinus was associated with Eurosiberian areas, 43 
while E. isabellinus occurred in Mediterranean areas, suggesting possible 44 
competition in their restricted contact zone. This study highlights the relevance 45 
of considering potential ecological interactions between similarly ecological 46 
species when assessing species distributions. 47 
 48 
Key-words: Chiroptera - cryptic species - ecological niche - maximum entropy 49 
modelling - spatial PCA - species distributions 50 
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INTRODUCTION 51 
Recent concerns regarding biodiversity loss call for a deeper understanding of 52 
current species distributions patterns and how those patterns are shaped. This 53 
knowledge is highly relevant when accounting for species conservation planning 54 
and fundamental in ecological and evolutionary studies (Jetz, McPherson & 55 
Guralnick, 2012). Cryptic species, defined as ecologically and/or genetically 56 
distinct species with very similar morphology (Jones, 1997), pose a challenge to 57 
understanding species distributions as they bring the need to redefine what was 58 
once thought to be a single species’ distribution and environmental 59 
requirements. Moreover, cryptic species may lead to biodiversity 60 
underestimates and may comprise threatened taxa within the cryptic complex 61 
that consequently require new conservation statuses (Bickford et al., 2006; 62 
Sattler et al., 2007). 63 
Due to increasingly rapid DNA sequencing and the advances in molecular 64 
phylogenetic methods over the past decades, many cryptic species have 65 
recently been identified (e.g., Chadès et al., 2008; Kaliontzopoulou et al., 2011). 66 
Indeed, one of the most diverse mammal groups in Europe – the bats – have 67 
significantly increased in species number (Mayer & Helversen, 2001; Ibáñez et 68 
al., 2006). In this context, the Iberian Peninsula possesses  rich genetic 69 
diversity, mainly due to it being a major glacial refugium for several species 70 
(Hewitt, 2000; Gómez & Lunt, 2006; Razgour et al., 2013), making the 71 
Mediterranean basin an important biodiversity hotspot (Myers et al., 2000). 72 
Recent evidence suggests that 20% of Iberian bat species, which comprise 73 
nearly half of Iberia’s mammal species (Mitchell-Jones et al., 1999), harbour 74 
complexes of cryptic species (Juste et al., 2004; Ibáñez et al., 2006). There are 75 
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seven recently discovered cryptic bat species complexes in the Iberian 76 
Peninsula: Plecotus auritus (Linnaeus, 1758)/begognae (de Paz, 1994), Myotis 77 
mystacinus (Kuhl, 1817)/alcathoe (Helversen & Heller, 2001), Eptesicus 78 
serotinus (Schreber, 1774)/isabellinus (Temminck, 1840), Myotis escalerai 79 
(Cabrera, 1904)/sp.1, Plecotus auritus/macrobullaris (Kuzyakin, 1965), Hypsugo 80 
savii’s (Bonaparte, 1837) complex and Pipistrellus kuhlii’s (Kuhl, 1817) complex 81 
(Agirre-Mendi et al., 2004; Ibáñez et al., 2006). Despite the discovery of genetic 82 
discontinuities in these complexes, only P. auritus/begognae, M. 83 
mystacinus/alcathoe, E. serotinus/isabellinus, M. escalerai/sp.1 and P. 84 
auritus/macrobullaris exhibit highly distinct lineages (mtDNA distance over 8%), 85 
indicating that these taxa may have experienced isolation during the glacial 86 
periods. The complex M. escalerai/sp.1 has already been focused in other 87 
studies (Salicini, Ibáñez & Juste, 2013) and we had very few data for P. 88 
macrobullaris so this species will not be considered in this study. Although 89 
these studies have provided genetic information, there is currently no 90 
information about these species’ distribution or their ecological requirements in 91 
Iberia, or how these species are able to co-exist. 92 
The geographic distribution of a species is delineated by its ecological 93 
properties, namely the environmental conditions favourable for its occurrence, 94 
species interactions and dispersal capacity (Peterson, 2011). Environmental 95 
conditions (such as climate, habitat and availability of resources) will shape 96 
species distributions according to the geographical space where they meet 97 
species requirements for survival. Interactions with other species, either 98 
negative (competition, predation) or positive (facilitation), will further limit 99 
species distributions. Finally, the dispersal capacity of a species will reflect the 100 
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geographic regions that are accessible to the species. All these factors will 101 
define the currently occupied distribution of a species, reflecting the accessible 102 
geographic space in which both biotic and abiotic conditions allow species 103 
existence (Peterson, 2011). 104 
The use of species distribution models (SDMs) minimizes this caveat, by 105 
determining species potential distributions along with their environmental 106 
requirements. SDMs have been used effectively in several studies, aiding in the 107 
unravelling of the distributions of rare and cryptic species (Pearson et al., 2007; 108 
Pineda & Lobo, 2009; Williams et al., 2009; Rebelo & Jones, 2010; Rutishauser 109 
et al., 2012). By combining species occurrence data with environmental 110 
variables (such as climatic, topographic or habitat predictors) considered to 111 
influence species distributions, models can be produced that reflect each 112 
species’ requirements for the selected variables. The data used in SDMs should 113 
enclose all the conditions explored by the studied species (Wisz et al., 2008) 114 
although frequently disregard biotic interactions. Accordingly, the resulting 115 
models will produce an estimate of the areas with suitable conditions for 116 
species’ occurrence, i.e. its fundamental niche. As defined by Hutchinson 117 
(1957), the fundamental, or potential, niche is represented by a 118 
multidimensional hypervolume, within each are the values of the environmental 119 
factors relevant to the survival and reproduction of a species. This concept 120 
characterizes the physical conditions under which a species might live, in the 121 
absence of interactions with other species. However, it is recognized that 122 
interactions such as competition, predation or parasitism may restrict the 123 
environments in which a species may live, forcing it to occupy a narrower set of 124 
conditions, the realised niche (Hutchinson, 1957; Soberón & Peterson, 2005). 125 
Page 5 of 51
Biological Journal of the Linnean Society
Biological Journal of the Linnean Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
Competition can have relevant ecological effects on the niches of species and if 126 
these interactions are strong and pervasive enough, they may produce an 127 
evolutionary response in species’ populations, for example, by competitive 128 
exclusion (Anderson et al., 2002). However, competition can lead to a 129 
specialization of the resources explored by each species, allowing stable 130 
coexistence through time by species-specific differentiation in resource 131 
utilization (Hutchinson, 1978; Wang, Zhang & Wang, 2005). Trophic resource 132 
partitioning is known to occur in several cryptic bat species in Europe, including 133 
Myotis myotis and M. blythii (Arlettaz, Perrin & Hausser, 1997), and habitat 134 
resource partitioning occurs in Pipistrellus pipistrellus and P. pygmaeus 135 
(Nicholls & Racey, 2006). These species coexist in sympatry, although exploit 136 
different resources, such as prey, in the first case, or microhabitats, in the 137 
second case. 138 
The main purpose of this project was to understand what shapes the 139 
distributions of cryptic species of bats in Iberia, and whether species share the 140 
same ecological background, thus developing hypotheses for current ecological 141 
interactions between cryptic species. Focusing on the cryptic complexes P. 142 
auritus/begognae, M. mystacinus/alcathoe and E. serotinus/isabellinus as case 143 
studies, the main questions addressed in this study were: (a) what is the spatial 144 
pattern of bat cryptic diversity in Iberia? (b) Which ecological factors limit those 145 
patterns? (c) Do cryptic species share the same ecological background? (d) Do 146 
biogeographic affinities shape these species’ distributions and contact zones in 147 
Iberia? 148 
 149 
MATERIALS AND METHODS 150 
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Study area  151 
The study area was the Iberian Peninsula and the Balearic Islands, located in 152 
Europe’s south-western extremity. It covers nearly 600000 km2 and it is 153 
bordered to the south and east by the Mediterranean Sea and to the north and 154 
west by the Atlantic Ocean, being divided from remaining Europe by the 155 
Pyrenees mountain range in the north-east and from Africa by the Strait of 156 
Gibraltar in the south. It has a very heterogeneous topography and is roughly 157 
characterised by two main biogeographic regions: Eurosiberian and 158 
Mediterranean (Sillero et al., 2009; Romo & García-Barros, 2010).  159 
 160 
Distribution data 161 
Distribution data for Plecotus auritus/begognae, Myotis mystacinus/alcathoe 162 
and Eptesicus serotinus/isabellinus were obtained from mist netting and roost 163 
trapping sessions in the Iberian Peninsula over the last decade (Ibáñez et al., 164 
2006; García-Mudarra, Ibáñez & Juste, 2009; Salicini, Ibáñez & Juste, 2011, 165 
2013; Rebelo et al., 2012). For each specimen, a tissue sample was collected in 166 
the field, through a small biopsy punch in the wing membrane. Afterwards, 167 
species identification was validated by molecular analyses, following the 168 
procedure described in Ibáñez et al. (2006) (see Appendix S1, Supporting 169 
Information). 170 
Prior to model calculations, spatial autocorrelation analyses were performed 171 
until each species’ data achieved independence. For this, we used average 172 
nearest neighbour analyses to remove clusters in the species’ data. 173 
Consequently, for modelling there were 121 presence records for E. serotinus, 174 
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216 for E. isabellinus, 44 for P. auritus, 69 for P. begognae, 66 for M. 175 
mystacinus and 27 for M. alcathoe (see Fig. S2, Appendix S2). 176 
 177 
Ecogeographical variables 178 
An initial set of 45 ecogeographical variables (EGVs) were chosen as predictors 179 
(see Table S3, Appendix S3). The chosen set of EGVs aimed to represent the 180 
environmental predictors related to bat occurrence (Ulrich, Sachanowicz & 181 
Michalak, 2007). Climate conditions are related to bat physiology, energy 182 
demands and water availability (Racey, Speakman & Swift, 1987; Webb, 183 
Speakman & Racey, 1995; Adams & Hayes, 2008; Frick, Reynolds & Kunz, 184 
2010). Land cover, distances to different habitat classes and to slopes not only 185 
reflect potential foraging areas but also the potential presence of roosts for tree 186 
and crevice-dwelling bats (Rainho & Palmeirim, 2011), and also may represent 187 
distances to relevant feeding and drinking areas (Russo & Jones, 2003). 188 
Climatic variables were obtained from WorldClim (http://www.worldclim.org), 189 
topographical variables were obtained from the digital elevation data of the 190 
NASA Shuttle Radar Topography Mission (http://srtm.csi.cgiar.org) and habitat 191 
variables were obtained from the Globcover project 192 
(http://toyo.mediasfrance.org) and from “Mapa Forestal de España” (Navascués 193 
et al., 2006) for the eucalyptus data.  194 
All variables had a resolution of sensibly 300 x 300 m and respective 195 
calculations were made in ArcGIS 10.0 (ESRI, 2010). 196 
 197 
Species distribution modelling  198 
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SDMs where built using the maximum entropy modelling technique, Maxent 199 
version 3.3.3k (Phillips, Anderson & Schapire, 2006). Due to its reliability when 200 
using presence-only data, this technique has proven to outperform other 201 
modelling methods even with limited or biased datasets (Hernandez et al., 202 
2006; Wisz et al., 2008; Elith, Kearney & Phillips, 2010; Rebelo & Jones, 2010). 203 
Bats are known for their elusive and nocturnal behaviour (Ahlén & Baagoe, 204 
1999), thus presenting limited detectability and identification in flight. The use of 205 
presence-only data in our study reflects the difficulty of obtaining reliable 206 
absence records and aims to overcome the issue of “false absences”, referring 207 
to situations when a species was not detected although it was present (Elith et 208 
al., 2010).  209 
In a first approach, species presence records, as the dependent variable, and 210 
the selected EGVs, as the independent variables, were imported into Maxent 211 
and ran in auto features with a regularization multiplier of 2. The regularization 212 
multiplier was selected after model selection tests calculated trough ENM Tools 213 
1.3 (Warren, Glor & Turelli, 2010) (http://enmtools.blogspot.com) and chosen 214 
according to its AICc (Akaike information criterion corrected for small sample 215 
sizes) value.  Afterwards, 20 model replicates were ran using cross-validation, 216 
method in which the whole presence data set is randomly split into equal-sized 217 
partitions. The Area Under Curve (AUC) of the Receiver Operating 218 
Characteristics (ROCs) plot was taken as a measure of the overall fit of the 219 
models (Fielding & Bell, 1997). The AUC ranges from 0, complete randomness, 220 
to 1, perfect discrimination (Phillips et al., 2006). 221 
In order to decrease the number of variables for the final distribution models, we 222 
first eliminated the highly correlated variables by first calculating a correlation 223 
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matrix and then selecting the pairs of variables with correlations above 0.80 224 
(Elith et al., 2010). From these correlated groups of variables, only the most 225 
relevant variables for all species were considered. This was assessed in 226 
Maxent by using the percent contribution values and the jackknife values of 227 
regularized training gain (a measure of likelihood between species presence 228 
data and the variable) for each species (Elith et al., 2011).  229 
A selected set of 15 variables (Table 1) was then used to build the final models, 230 
which we ran using the same settings as the initial models. Using these results, 231 
variable contribution plots and univariate response curves for the four most 232 
important variables for each species were built in Statistica© software.  233 
The SDMs built were then imported into ArcGIS 10.0 and reclassified into 234 
presence-absence using the maximum training sensitivity plus specificity logistic 235 
threshold value (Liu, White & Newell, 2013). The reclassified models were then 236 
overlapped, in order to define the possible contact zones between the species 237 
within each cryptic complex.  238 
 239 
Niche analyses 240 
Using the final SDMs calculated we proceeded to analyse the ecological niches 241 
of each species. Niche overlap (Warren, Glor & Turelli, 2008) and niche breadth 242 
(Nakazato, Warren & Moyle, 2010) statistics for each species were calculated 243 
using ENMTools 1.3. Niche overlap analyses were applied within each cryptic 244 
complex and considered the values of three indexes, Schoener’s D (Schoener, 245 
1968), the I statistic (Warren et al., 2008) and relative rank (Warren & Seifert, 246 
2011). Each index varies between 0 and 1, where 0 means that species have 247 
completely different ecological niches and 1 means that species have identical 248 
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ecological niches. Levin’s index (Levins, 1968), to determine niche breadth, was 249 
calculated for each species. This index also varies from 0 to 1, where 0 250 
indicates a narrow niche and 1 indicates a broad niche. 251 
Spatial principal components analysis (sPCA) was used to visualise the 252 
ecological niches of the different species. Initially, we extracted the values of 253 
each EGV for each grid cell of our study area, then, using these values, a PCA 254 
was calculated in R version 2.15.3 (R Core Team, 2012). The resulting values 255 
of the PCA components were then imported into ArcGIS 10.0 and the values of 256 
each species presence records plotted for each component. We calculated 257 
minimum convex polygons to delimit each species environmental space from 258 
the samples included in this study (hereafter termed the realised niche) and 259 
measured their individual areas and the area of overlap between species’ 260 
niches. 261 
Using the values of the first and second components of the PCA analyses, a 262 
composite image of the study area was created in ArcGIS 10.0. We then 263 
overlapped the contact zones of each cryptic complex to analyse their match 264 
with the biogeographic regions. 265 
 266 
RESULTS 267 
Important ecogeographical variables for species distributions 268 
The variables that contributed the most to the distribution models built differed 269 
among species. Graphs of variable contributions and respective response 270 
curves can be found in Fig. S3.1. to S3.12. in Appendix S3. When analysing the 271 
response curves for these variables we can see that P. auritus is more likely to 272 
occur at low temperatures and in areas with high precipitation, while P. 273 
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begognae showed to favour low temperatures, high precipitation and the 274 
presence of steep slopes. Low temperatures and proximity to steep slopes 275 
seem favoured the occurrence of M. mystacinus. The response curves of M. 276 
alcathoe showed that this species’ occurrence is more likely in areas with high 277 
precipitation and in close proximity to forests and to steep slopes. In the case of 278 
E. serotinus’, occurrence is most favoured at high precipitation and in close 279 
proximity to forests and steep slopes. Finally, E. isabellinus seems to have a 280 
higher probability of occurrence in areas with moderate temperatures, low 281 
precipitation and in close proximity to eucalyptus plantations. 282 
 283 
Species distributions and contact zones 284 
The SDMs built exhibited ROC curves with high average AUCs, with all species 285 
presenting similar values, these being of 0.98±0.016, 0.91±0.025, 0.91±0.054, 286 
0.96±0.015, 0.86±0.065 and 0.92±0.034, for P. auritus, P. begognae, M. 287 
mystacinus, M. alcathoe, E. serotinus and E. isabellinus, respectively. In the 288 
case of the P. auritus/begognae complex (Fig. 1a), the models predicted the 289 
distribution of P. auritus to be restricted to the Pyrenees area and P. begognae 290 
to occur mostly through northern Iberia and the Balearic Islands with a patchy 291 
distribution in the central region mountains. Due to these focused distributions, 292 
the contact zone of these two species seems to be delimited by the low 293 
elevations of the Pyrenees. When considering the model’s results for the M. 294 
mystacinus/alcathoe complex (Fig. 1b), it seems that both species have a 295 
northern distribution in Iberia, with M. mystacinus’ distribution extending further 296 
south than M. alcathoe’s. Also, M. alcathoe’s distribution is mostly contained 297 
within the wider distribution of M. mystacinus. Finally, the models demonstrated 298 
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a high degree of separation for E. serotinus/isabellinus (Fig. 1c) in Iberia. 299 
Although somewhat patchy, the distribution of E. serotinus was mainly 300 
concentrated in the north of Iberia and in the Balearic Islands. The distribution 301 
of E. isabellinus is focused in the south of Iberia, and it is not predicted to occur 302 
in the Balearic Islands. Accordingly, the contact zone between these two 303 
species’ distributions appears to be in the central regions of Iberia. 304 
 305 
Niche analyses 306 
For the analyses of niche overlap and niche breadth using the distribution 307 
models calculated for each species, we present the overlap statistics for each 308 
cryptic complex (Table 2) and the niche breath values for each species 309 
individually (Table 3). Also, the sPCA built allowed us to determine the overlap 310 
between the occupied species’ environmental niches in Iberia (Table 4). The 311 
sPCA obtained for the P. auritus/begognae complex (Fig. 2a) shows that both 312 
species have different and somewhat restricted niches within Iberia. P. 313 
begognae’s niche (Area=11.85) is slightly broader than P. auritus’ (Area=8.54) 314 
and the overlap between both species’ niches is similar (25.64% for P. auritus 315 
and 18.48% for P. begognae), with P a. auritus’ having a slightly larger amount 316 
of its niche area within P. begognae’s niche (Table 4). In the case of the M. 317 
mystacinus/alcathoe complex (Fig. 2b), both species seem to occupy similar 318 
conditions in Iberia, although M. alcathoe’s niche area (Area=4.12) is much 319 
smaller than M. mystacinus’ (Area=18.06). Moreover, M. alcathoe’s niche is 320 
completely within that predicted for M. mystacinus, while only 22.81% of the 321 
niche area of M. mystacinus’ is occupied by M. alcathoe’s niche. Lastly, in the 322 
E. serotinus/isabellinus complex (Fig. 2c), both species occur in a relatively 323 
Page 13 of 51
Biological Journal of the Linnean Society
Biological Journal of the Linnean Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
large range of conditions in Iberia. E. isabellinus has half of its niche 324 
overlapping with E. serotinus, whilst E. serotinus only has 35.42% of its niche 325 
within that predicted for E. isabellinus. 326 
When analysing the spatial principal component analysis, we were able to 327 
distinguish two main biogeographic patterns with two strata, Eurosiberian and 328 
Mediterranean (Fig. 3a to 3c). As for the biogeographic patterns of the contact 329 
zones between each complex, we can see contact zones for P. 330 
auritus/begognae (Fig. 3a) and M. mystacinus/alcathoe’s (Fig. 3b) overlapping 331 
in relatively the same biogeographic area located in the north of the Iberian 332 
Peninsula. Since M. mystacinus/alcathoe’s contact zone is broader, it occurs to 333 
a small extent in central Iberia, but mainly follows the same biogeographic 334 
pattern, i.e. present in the north, avoiding the biogeographical strata of the 335 
south. As for the E. serotinus/isabellinus complex (Fig. 3c), the pattern is less 336 
clear. The contact zone between these species seems to be mainly located in 337 
transition areas between the two main biogeographic strata, but is mainly 338 
situated in the central western area of Iberia.  339 
 340 
DISCUSSION 341 
This study reveals the potential distributions of newly discovered cryptic 342 
complexes of bats in the Iberian Peninsula and also, by analysing their niches 343 
individually and within complexes, aids in the understanding of these species’ 344 
ecological requirements and how they may be affecting each other’s 345 
distributions. Different distribution patterns were observed within and between 346 
complexes: most species were concentrated in the north of Iberia (P. auritus, P. 347 
begognae, M. mystacinus, M. alcathoe and E. serotinus), and one species 348 
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occupied southern Iberia (E. isabellinus). These distribution patterns clearly 349 
associate with the known biogeographic affinities of each species (Horáček, 350 
Hanák & Gaisler, 2000), where the majority have a clear Eurosiberian/Atlantic 351 
distribution and only E. isabellinus shows an association with Mediterranean 352 
areas. When analysing species’ ecological niches, we observed that P. auritus 353 
and M. alcathoe had considerably narrower niches when compared with the 354 
other species, as supported by  studies that reveal these species as specialists 355 
(Helversen et al., 2001; Ashrafi et al., 2011). E. serotinus had the broadest 356 
niche, which was expected as it is known to be a generalist species (Catto et 357 
al., 1996). Strong niche dynamics occur within complexes, resulting from either 358 
an established equilibrium or other ecological interactions that occur (e.g., 359 
competition) and realised niches in Iberia may be still adjusting. Historical 360 
factors should also be considered. For example, it is possible that some 361 
European lineages (such as P. auritus) have recently arrived to Iberia (during 362 
the post-glacial expansion, ca. 13 000 years ago) and species distribution limits 363 
may be still under definition processes. In fact, each of the species complexes 364 
focused on this study seems to have a unique story to unfold. 365 
 366 
The Plecotus tale 367 
Both species distributions in the Plecotus complex seem to be highly related to 368 
climatic variables and to the presence of slopes. In fact, when analysing this 369 
complex’s distribution patterns, P. auritus seems to mainly occur in the 370 
mountainous areas of the Pyrenees, while P. begognae occupies the rest of 371 
northern Iberia, notably excluding the Pyrenees. P. begognae, a recently 372 
discovered lineage in the Iberian Peninsula, had a relatively unknown 373 
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distribution, ecological requirements and biogeographic affinity. However, de 374 
Paz (1994) found this species in the central mountainous regions of Iberia, 375 
south of the Cantabrian Mountains and south of the Pyrenees, later confirmed 376 
by Ibáñez et al. (2006). Although both Plecotus species occupy the northern 377 
areas of Iberia and appear to have similar biogeographic affinities, their 378 
distributions have  relatively little overlap restricted to a few areas located in 379 
northeastern Iberia (south of the Pyrenees), reflected also in a small niche 380 
overlap. This complex’s parapatric distribution could be due to resource 381 
competition, leading to competitive exclusion. Rutishauser et al. (2012) found 382 
parapatric distributions in two Plecotus species in Switzerland (P. austriacus 383 
and P. macrobullaris) probably resulting from competitive exclusion, supported 384 
by strong similarities in their echolocation signals, flight behaviour (Dietrich et 385 
al., 2006) and diet (Ashrafi et al., 2011). However, coexistence also occurs in 386 
Plecotus species; trophic niche partitioning exists between P. auritus and P. 387 
macrobullaris and P. auritus and P. austriacus coexist probably by niche 388 
partitioning in Central Europe and the Alps (Ashrafi et al., 2011). However, only 389 
through small-scale studies (radiotracking, diet analyses, etc.) will it be possible 390 
to assess the interactions that occur between P. auritus and P. begognae, and 391 
whether competition can potentially occur. 392 
 393 
The Myotis tale 394 
M. mystacinus and M. alcathoe have their distribution restricted to the north of 395 
Iberia, with M. mystacinus showing a relatively wider distribution than M. 396 
alcathoe. Accordingly, both species occur in the Eurosiberian part of Iberia, 397 
mainly in mountainous regions (Agirre-Mendi et al., 2004), which explains the 398 
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relevance of climatic and topographic variables in explaining the distributions of 399 
these species. Although these species have similar distributions as the Plecotus 400 
complex, the overlap between them is rather different. M. alcathoe’s distribution 401 
is almost completely contained within the distribution of M. mystacinus, and its 402 
entire realised niche is within that of M. mystacinus. It appears that these 403 
species’ distributions are sympatric and some sort of niche equilibrium is 404 
occurring between them. We suggest that stable co-existence may occur 405 
between these species, with a likely species-specific differentiation in resource 406 
utilization. Indeed, it is thought that M. alcathoe is syntopic with M. mystacinus, 407 
exploring mainly stands of deciduous trees near bodies of water (Helversen et 408 
al., 2001), explaining the relevance of distance to forests in this species’ 409 
distribution models. However, M. alcathoe differs from the other European 410 
Myotis species due to its restricted habitat requirements (Lučan, Hanák & 411 
Horáček, 2009) hence supporting the hypothesis of resource partitioning 412 
between this species and M. mystacinus. In fact, Helversen et al. (2001) found 413 
that, in Greece, M. mystacinus appears to occur in forested marginal habitats, 414 
generally hunting near large bodies of water, whereas M. alcathoe is found in 415 
dense woodland, hunting along small streams. Such resource partitioning is 416 
known to occur in other species of the same genus, such as between M. myotis 417 
and M. blythii (Arlettaz et al., 1997). 418 
 419 
The Eptesicus tale 420 
The Eptesicus complex is distinct from the patterns seen in the previous two 421 
complexes. Both Eptesicus species have distinct distributions in Iberia, with E. 422 
serotinus mainly in the north and E. isabellinus in the south. E. serotinus is 423 
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known to occur in temperate climates (Rebelo, Tarroso & Jones, 2010), and 424 
Ibáñez et al. (2006) already suggested its presence to be restricted to the 425 
northern part of Iberia, although it could potentially occupy other parts of Iberia 426 
since in other countries it was also found in more xeric areas (Juste et al., 427 
2013). Since E. isabellinus is a recently discovered species in Iberia little is 428 
known of its actual distribution. However, García-Mudarra et al. (2009) 429 
suggested that E. isabellinus occupied the southern part of Iberia in allopatry 430 
with E. serotinus. Our results indicate that E. isabellinus may have a strong 431 
Mediterranean affinity, as it is predicted to occur mainly in southern Iberia where 432 
the Mediterranean climate is dominant, which would explain the relevance of 433 
climatic variables in this species’ distribution models. In fact, a strong 434 
connection between Iberian and North African populations of E. isabellinus is 435 
shown in Juste et al. (2009). However, the two Eptesicus species have 436 
extensive niche overlap, indicating that they explore very similar conditions, 437 
although geographically, only a moderate overlap occurs (with the main contact 438 
zone in central Iberia). This suggests that each species thrives in a specific 439 
biogeographical zone, E. serotinus in Atlantic climates and E. isabellinus in 440 
Mediterranean areas, but considering the large niche overlap it is quite possible 441 
that competition may occur if prey resources are limited in contact zones. Again 442 
only through studies directed to habitat use and resource selection will it be 443 
possible to clarify this situation. 444 
 445 
Limitations and caveats 446 
When considering genetic methodology, we are aware of the possible 447 
limitations or errors of sequencing only mitochondrial DNA (Zhang & Hewitt, 448 
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2003). However, our samples were sequenced using markers developed by 449 
Ibáñez et al. (2006) that have been tested numerous times, which guarantee 450 
the correct identification of the sampled individuals.  451 
To develop adequate prediction using distribution models, it is advisable to have 452 
the best sampling coverage of each species’ distribution (Jiménez-Valverde, 453 
Lobo & Horta, 2008). Moreover, it is quite frequent that species distribution 454 
modelling studies highlight new areas of occurrence (e.g., Raxworthy et al., 455 
2003; Rebelo & Jones, 2010). In this study, the long-term sampling effort over 456 
several years ensured an almost complete coverage of the Iberian Peninsula 457 
(the exception being the north-central region of the Cantabrian mountain ridge 458 
in Spain). By comparing distribution models with the sampling coverage there 459 
was a strong indication that each species’ realised distribution was covered. 460 
However, some isolated patches of suitability were predicted by the models, in 461 
extreme areas of species’ distributions. These areas are known to be out of the 462 
distribution limits of the species, for example, P. auritus has not been found in 463 
the Balearics nor M. mystacinus in the mountains of Andalucia. These areas 464 
could have been beyond the dispersion capacity of the species. 465 
Finally, when analysing possible ecological niches of the species and the 466 
interactions between them through ecological niche modelling, we must take 467 
into account the resolution of the variables and the scale of the analyses 468 
(Soberón & Nakamura, 2009). Biotic interactions such as competition or 469 
resource availability are generally studied at local scales and are barely 470 
considered at larger scales (Whittaker, Willis & Field, 2001). Thus we propose 471 
only possible interactions that may occur between the studied species within 472 
each complex, according to realised niche as delimited by the resolution of our 473 
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models. These are hypotheses that need further study at local scales within 474 
each of the contact zones for each species complex. 475 
 476 
Main conclusions 477 
The analyses of species distributions and ecological niches allowed us to 478 
differentiate several possible interactions occurring within the cryptic complexes 479 
studied. We observed niche overlap between species occupying similar 480 
biogeographic regions (the Plecotus and Myotis complexes), and between 481 
species occupying different biogeographic regions (the Eptesicus complex). 482 
First, in the Plecotus complex distributions could be explained by competitive 483 
exclusion. The Myotis complex showed considerable overlap in niches and 484 
distributions between species, suggesting stable co-existence by resource 485 
partitioning. Finally, in the Eptesicus complex there is a higher uncertainty as to 486 
what is occurring since there was a surprisingly significant overlap between 487 
both species’ ecological niches, but a relatively small overlap in space, resulting 488 
in a few contact zones. This could be a phenomenon of competitive exclusion 489 
where the niches have stabilized, but their overlap can also imply that the 490 
species’ niches are still evolving and that competition is actively occurring.  491 
When analysing the biogeographic patterns of the contact zones, we see a 492 
clear association of the contact zones of the Plecotus and of the Myotis 493 
complexes to the Eurosiberian regions. The contact zone of the Eptesicus 494 
complex seems to be in the areas of transition between the Eurosiberian and 495 
Mediterranean biogeographic zones, which are associated with the affinities of 496 
E. serotinus and E. isabellinus, respectively.  497 
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This study brings relevant insights into the distributions and biogeographic 498 
affinities of cryptic species, allowing the determination of contact zones within 499 
complexes. It highlights the importance of how different interactions within 500 
complexes can influence each species’ ecological niche and, consequently, its 501 
geographical distribution. Determining cryptic species’ distributions and their 502 
ecological requirements and interactions will aid in conservation management 503 
and with establishment of the conservation status of the newly discovered 504 
species. 505 
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FIGURE LEGENDS 740 
Figure 1 – Potential distribution of the (a) Plecotus auritus/begognae complex, 741 
(b) Myotis mystacinus/alcathoe complex and (c) Eptesicus serotinus/isabellinus 742 
complex.  743 
Figure 2 – Spatial principal component analyses of the ecological niches of (a) 744 
Plecotus auritus/begognae complex, (b) Myotis mystacinus/alcathoe complex 745 
and (c) Eptesicus serotinus/isabellinus in Iberia. Filled polygons represent the 746 
realized niche and the dotted line represents the environmental space available 747 
in Iberia. 748 
Figure 3 – Spatial principal component analysis with the two main 749 
biogeographical strata identified for Iberia. The darker tones represent 750 
Eurosiberian areas and lighter tones Mediterranean areas. The contact zones of 751 
(a) Plecotus auritus/begognae complex, (b) Myotis mystacinus/alcathoe 752 
complex and (c) Eptesicus serotinus/isabellinus complex, are delineated in 753 
white. 754 
 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
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TABLES 765 
Table 1 – Set of variables used in the final species distribution models 766 
Type Variable Code 
C
lim
a
ti
c
 
Annual Mean Temperature (ºC) ib_bio1 
Mean Diurnal Range (ºC) ib_bio2 
Mean Temperature of Warmest Quarter 
(ºC) 
ib_bio10 
Mean Temperature of Coldest Quarter (ºC) ib_bio11 
Precipitation of Wettest Quarter (mm) ib_bio16 
Precipitation of Driest Quarter (mm) ib_bio17 
T
o
p
o
g
ra
p
h
ic
a
l Altitude (m) ib_dem 
Maximum slope (º) ib_slopemax 
Distance to slope >20° (m) ib_di_sl20 
Distance to maximum slope >20°(m) ib_di_slmax20 
H
a
b
it
a
t 
Land cover: 
Agriculture 1 
Orchards 2 
Forested agriculture 3 
Forest 4 
Coniferous 5 
Shrubs 6 
Bare 7 
Urban 8 
Water 9 
Eucalyptus plantations 10 
ib_land 
Distance to forests (m) ib_di_forest 
Distance to agriculture (m) ib_di_agric 
Distance to water bodies (m) ib_di_water 
Distance to eucalyptus plantations (m) ib_di_eucal 
 767 
 768 
 769 
 770 
 771 
 772 
 773 
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Table 2 – Niche overlap statistics 774 
Schoener’s D I statistic Relative rank 
  P. begognae   P. begognae   P. begognae 
P. auritus 0.11 P. auritus 0.26 P. auritus 0.77 
  
M. 
mystacinus 
  
M. 
mystacinus 
  
M. 
mystacinus 
M. alcathoe 0.48 M. alcathoe 0.77 M. alcathoe 0.82 
  E. serotinus   E. serotinus   E. serotinus 
E. 
isabellinus 
0.29 
E. 
isabellinus 
0.54 
E. 
isabellinus 
0.50 
 775 
Table 3 – Niche breath (Levin’s Index) 776 
  
Inverse 
concentration 
Uncertainty 
P. auritus 0.01 0.77 
P. begognae 0.12 0.90 
M. mystacinus 0.12 0.90 
M. alcathoe 0.05 0.86 
E. serotinus 0.22 0.95 
E. isabellinus 0.10 0.91 
 777 
Table 4 – Overlap values of sPCA analyses 778 
 779 
 780 
 781 
 782 
 783 
 784 
 785 
 786 
 787 
 Realized niche 
Species Area 
Overlap 
(%) 
Area in 
Iberia (%) 
P. auritus 8.54 25.64 8.45 
P. begognae 11.85 18.48 11.72 
M. mystacinus 18.06 22.81 17.87 
M. alcathoe 4.12 100.00 4.08 
E. serotinus 30.07 35.42 29.75 
E. isabellinus 20.86 51.05 20.64 
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Supporting information 1 
 2 
Appendix S1 Genetic methodology 3 
Genomic DNA was extracted from half of a 3 mm wing punches using an 4 
E.Z.N.A. Tissue DNA kit (Omega Bio-Tek, GA, USA), eluted and stored in 50 µl 5 
of the provided elution buffer. 6 
One mitochondrial fragment was amplified: the cytochrome-b (cyt b). To amplify 7 
this fragment, we used the following sets of primers: Molcit-F (Ibáñez et al. 8 
2006) and MVZ-16 (Smith & Patton, 1993). Polymerase chain reaction (PCR) 9 
for cyt b was performed with 5µl of MasterMix (Quiagen Multiplex PCR Kit), 0.4 10 
µl of each primer (at 10pmol), 3.2 µl of H2O and 1 µl of genomic DNA. The 11 
amplification consisted of an initial denaturation at 95°C for 15 min, followed by 12 
40 cycles at 90°C for 30 s, 50°C for 45 s, and 72°C for 1 min, with a final 13 
elongation step at 60°C for 10 min. The amplified fragments of cyt b were 14 
sequenced on an automated sequencer (ABI 310; Applied Biosystems) in both 15 
directions using the same primers. 16 
Sequences from the fragment were examined, edited and aligned using the 17 
software Bioedit v.7.0.1. Obtained sequences were then compared with those 18 
available at GenBank. Species identification was done using the application 19 
Nucleotide Blast 20 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST_PROGRAM21 
S=megaBlast&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on&LINK_LOC22 
=blasthome)  23 
All new haplotype sequences obtained in this study were submitted to GenBank 24 
(accession numbers to be filled). 25 
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Appendix S2 Species records 26 
Figure S2 - Species records for (a) Plecotus auritus, crosses, and Plecotus 27 
begognae, dots, (b) Myotis mystacinus, dots, and Myotis alcathoe, crosses, and 28 
(c) Eptesicus serotinus, dots, and Eptesicus isabellinus, crosses. 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
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Appendix S3 Ecogeographical variables and variable importance 42 
Table S3 - The initial set of 45 ecogeographical variables.  43 
Type Variable Code Source 
C
li
m
a
ti
c
 
Annual Mean Temperature ib_bio1 
W
o
rld
C
lim
 
(~
1
9
5
0
-2
0
0
0
) 
Mean Diurnal Range ib_bio2 
Isothermality ib_bio3 
Temperature Seasonality ib_bio4 
Max Temperature of Warmest Month ib_bio5 
Min Temperature of Coldest Month ib_bio6 
Temperature Annual Range ib_bio7 
Mean Temperature of Wettest Quarter ib_bio8 
Mean Temperature of Driest Quarter ib_bio9 
Mean Temperature of Warmest Quarter ib_bio10 
Mean Temperature of Coldest Quarter ib_bio11 
Annual Precipitation ib_bio12 
Precipitation of Wettest Month ib_bio13 
Precipitation of Driest Month ib_bio14 
Precipitation Seasonality ib_bio15 
Precipitation of Wettest Quarter ib_bio16 
Precipitation of Driest Quarter ib_bio17 
Precipitation of Warmest Quarter ib_bio18 
Precipitation of Coldest Quarter ib_bio19 
T
o
p
o
g
ra
p
h
ic
a
l 
Altitude ib_dem 
S
R
T
M
 
(C
G
IA
R
-C
S
I 2
0
0
8
) 
Mean slope ib_slope 
Maximum slope ib_slopemax 
Mean slope >10° ib_sl10 
Mean slope >15° ib_sl15 
Mean slope >20° ib_sl20 
Maximum slope >1° ib_slmax1 
Maximum slope >3.5° ib_slmax35 
Maximum slope >7° ib_slmax7 
Maximum slope >10° ib_slmax10 
Maximum slope >15° ib_slmax15 
Maximum slope >20° ib_slmax20 
Distance to slope >10° ib_di_sl10 
Distance to slope >15° ib_di_sl15 
Distance to slope >20° ib_di_sl20 
Distance to maximum slope >1° ib_di_slmax1 
Distance to maximum slope >3.5° ib_di_slmax35 
Distance to maximum slope >7° ib_di_slmax7 
Distance to maximum slope >10° ib_di_slmax10 
Distance to maximum slope >15° ib_di_slmax15 
Distance to maximum slope >20° ib_di_slmax20 
H
a
b
it
a
t 
Land cover:                                                 Agriculture 1 
Orchards 2 
Forested agriculture 3 
Forest 4 
Coniferous 5 
Shrubs 6 
Bare 7 
Urban 8 
Water 9 
Eucalyptus plantations 10 
ib_land 
G
L
O
B
C
O
V
E
R
 
(2
0
0
6
) 
Distance to forests ib_di_forest 
Distance to agriculture ib_di_agric 
Distance to water bodies ib_di_water 
Distance to eucalyptus plantations ib_di_eucal 
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Figure S3.1. - Graph representing variable importance for Plecotus auritus 44 
distribution model. The contribution, in percentage, of each variable is 45 
represented by the black bars, whose values can be read in the left axis of each 46 
plot. Dark grey bars represent the values of the jackknife results for models 47 
without the variable and light grey bars represent the same results for models 48 
with only one variable, these values can be read in the right axis of each plot. 49 
Variable abbreviations are available in Table S3. 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
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Figure S3.2. - Graph representing variable importance for Plecotus begognae 59 
distribution model. The contribution, in percentage, of each variable is 60 
represented by the black bars, whose values can be read in the left axis of each 61 
plot. Dark grey bars represent the values of the jackknife results for models 62 
without the variable and light grey bars represent the same results for models 63 
with only one variable, these values can be read in the right axis of each plot. 64 
Variable abbreviations are available in Table S3. 65 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 76 
 77 
 78 
 79 
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Figure S3.3. - Graph representing variable importance for Myotis mystacinus 80 
distribution model. The contribution, in percentage, of each variable is 81 
represented by the black bars, whose values can be read in the left axis of each 82 
plot. Dark grey bars represent the values of the jackknife results for models 83 
without the variable and light grey bars represent the same results for models 84 
with only one variable, these values can be read in the right axis of each plot. 85 
Variable abbreviations are available in Table S3. 86 
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Figure S3.4. - Graph representing variable importance for Myotis alcathoe 101 
distribution model. The contribution, in percentage, of each variable is 102 
represented by the black bars, whose values can be read in the left axis of each 103 
plot. Dark grey bars represent the values of the jackknife results for models 104 
without the variable and light grey bars represent the same results for models 105 
with only one variable, these values can be read in the right axis of each plot. 106 
Variable abbreviations are available in Table S3. 107 
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Figure S3.5. - Graph representing variable importance for Eptesicus serotinus 122 
distribution model. The contribution, in percentage, of each variable is 123 
represented by the black bars, whose values can be read in the left axis of each 124 
plot. Dark grey bars represent the values of the jackknife results for models 125 
without the variable and light grey bars represent the same results for models 126 
with only one variable, these values can be read in the right axis of each plot. 127 
Variable abbreviations are available in Table S3. 128 
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Figure S3.6. -  Graph representing variable importance for Eptesicus isabellinus 143 
distribution model. The contribution, in percentage, of each variable is 144 
represented by the black bars, whose values can be read in the left axis of each 145 
plot. Dark grey bars represent the values of the jackknife results for models 146 
without the variable and light grey bars represent the same results for models 147 
with only one variable, these values can be read in the right axis of each plot. 148 
Variable abbreviations are available in Table S3. 149 
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Figure S3.7. - Response curves of the environmental variables most related to 164 
the distribution of Plecotus auritus. 165 
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Figure S3.8. - Response curves of the environmental variables most related to 184 
the distribution of Plecotus begognae. 185 
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Figure S3.9. - Response curves of the environmental variables most related to 204 
the distribution of Myotis mystacinus. 205 
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Figure S3.10. - Response curves of the environmental variables most related to 224 
the distribution of Myotis alcathoe. 225 
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Figure S3.11. - Response curves of the environmental variables most related to 244 
the distribution of Eptesicus serotinus. 245 
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Figure S3.12. Response curves of the environmental variables most related to 264 
the distribution of Eptesicus isabellinus. 265 
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